The pinewood nematode, Bursaphelenchus xylophilus, is the causative agent of pine wilt disease. The virulence of nematodes significantly varies among pine trees, but does not vary within a single pine. To elucidate the reason for no variation in virulence within a single pine, a technique to investigate the population structure of nematodes of different virulence is needed. In this study, the demonstration of interbreeding between virulent and avirulent populations of B. xylophilus in vitro was attempted using PCR-RFLP (polymerase chain reaction-restriction fragment length polymorphism) method. Ribosomal DNA containing the 5.8S gene, the internal transcribed spacer regions 1 and 2, and partial regions of 18S and 28S genes were used for analysis. First, PCR-RFLP patterns of offspring produced by interbreeding between two individuals of virulent and avirulent isolates were analyzed. The offspring from a single-pair interbreeding showed 3-digested fragment patterns with the restriction enzyme HhaI, patterns the same as the virulent isolate, the avirulent isolate and a hybrid pattern containing both fragments of the virulent and avirulent isolates. The virulent population was mixed with the avirulent one in vitro and propagated nematodes were individually analyzed by PCR-RFLP method. The nematodes showed the same 3 PCR-RFLP patterns as the offspring from a single-pair interbreeding. The detection of nematodes with a hybrid pattern demonstrates the occurrence of interbreeding between virulent and avirulent populations of B. xylophilus.
INTRODUCTION
The pinewood nematode, Bursaphelenchus xylophilus (Steiner et Buhrer) Nickle, is well known as the causative agent of pine wilt disease in Japanese black pine, Pinus thunbergii Parl., Japanese red pine, P. densiflora Sieb. et Zucc., and Ryukyu pine, P. luchuensis Mayr (e.g., Kiyohara and Tokushige, 1971 ). The nematode is transmitted from dead to healthy pine trees primarily by adults of the Japanese pine sawyer, Monochamus alternatus Hope (Mamiya and Enda, 1972; Morimoto and Iwasaki, 1972) .
A great variation in the virulence level of B. xylophilus was reported by Kiyohara and Bolla (1990) . They mention that the inoculation of nematode isolates, collected throughout Japan, into the pine seedlings showed 0 to 100% mortality and that virulence of nematode isolates from a single stand of pines also varied significantly. Nematodes with different virulence levels are likely transmitted to a single pine because a large number of M. alternatus adults that emerge from many dead pines fly to a pine tree for feeding and oviposition. However, the virulence of nematodes did not vary within a single pine (Kiyohara and Bolla, 1990) . No difference in virulence within a pine tree may be due to complete interbreeding among the different virulence populations or overwhelming propagation of a specific population. Because morphological discrimination of different virulence nematodes is impossible, a molecular biological technique is necessary to investigate the population structure of different virulence nematodes within a single pine.
Some studies on DNA analysis of B. xylophilus were reported recently (e.g. Iwahori et al., 1998 Iwahori et al., , 2000 Beckenbach et al., 1999; Kanzaki and Futai, 2002) . Iwahori et al. (1998) compared the PCR-RFLP (polymerase chain reaction-restriction fragment length polymorphism) patterns among various isolates of B. xylophilus and B. micronatus originating from Japan and other countries using twelve restriction enzymes. Consequently, the digestion of the ribosomal DNA (rDNA) containing the internal transcribed spacer regions 1 and 2 (ITS1 and ITS2) with the restriction enzyme, HhaI, enabled discrimination of the virulent from the avirulent isolates of B. xylophilus.
The occurrence of interbreeding between the virulent and avirulent isolates has already been demonstrated by an experiment with single pairs of individuals (Kiyohara and Bolla, 1990) . If detection of the offspring produced by interbreeding between virulent and avirulent isolates by PCR-RFLP method is possible, we can investigate whether the populations of different virulence interbreed with each other within a single pine using already established isolates. In this study, we performed singlepair reciprocal interbreeding between a virulent and an avirulent isolate of B. xylophilus and individually analyzed the PCR-RFLP pattern of the rDNA region containing the 5.8S gene, ITS1 and ITS2, and partial regions of 18S and 28S genes of the offspring. Then an experiment for demonstration of the occurrence of population interbreeding between the two isolates was attempted. We report here that the offspring of a hybrid pattern with both DNA fragments of virulent and avirulent isolates appeared by single-pair reciprocal interbreeding and that the detection of nematodes of a hybrid pattern demonstrates the occurrence of interbreeding between the virulent and the avirulent populations.
MATERIALS AND METHODS
Nematodes. Five virulent (Ka-4, S-10, S6-1, T-4 and No. 375) and 2 avirulent (OKD-1 and C14-5) isolates of B. xylophilus, maintained in our laboratory, were used for reconfirmation of differences in PCR-RFLP patterns with HhaI. These isolates have already been used in various studies as virulent or avirulent isolates with the exception of isolate No. 375 (e.g. Kawazu et al., 1996; Aikawa et al., 1997 Aikawa et al., , 2003 Iwahori et al., 1998; Kosaka et al., 2001) . Table 1 shows the geographical origin, year established and virulence of each isolate. Two isolates, Ka-4 and OKD-1, were used for 2 interbreeding experiments as the representatives of virulent and avirulent isolates, respectively. All isolates were reared on a fungal mat of Botrytis cinerea Pers. grown on autoclaved barley grain for 2 weeks at 25°C. Then the isolates were extracted for 24 h using the Baermann funnel technique (Hooper, 1986) at 25°C before use.
DNA extraction. Genomic DNA was extracted from a single propagative juvenile of the third or fourth stages. A nematode was picked up with a fine-tipped wire from the nematode suspension and transferred into 1.5 ml of autoclaved ultra pure distilled water in a 0.2 ml micro test tube. Immediately, the nematode was crushed with a fine-tipped wire under a stereomicroscope and 1 ml of 10 mg/ ml proteinase K was added to water in the tube. The mixture was kept at 65°C for 30 min and then 94°C for 10 min.
PCR-RFLP analysis. We referred to the PCR-RFLP methods of Iwahori et al. (1998) because they indicated a difference in PCR-RFLP patterns between the Japanese virulent and avirulent isolates of B. xylophilus. After DNA extraction, 1.25 ml of 0.4 mM each primer and 5 ml of Taq PCR Master Mix (QIAGEN Inc.) were added to the tube. All polymerase chain reactions were performed in a 10 ml reaction mixture. The newly designed primers, derived from the data of Iwahori et al. (1998) and Beckenbach et al. (1999) , "Bx18S" (5Ј-AAACTAGGGATCGCTGGAGT-3Ј) and "Bx28S" (5Ј-TTCAGCAGGTAGTCATACCC-3Ј) were used for amplification. The amplified regions consisted of ITS1, ITS2 and 5.8S gene of the rDNA array and also included parts of the 18S and 566
T. AIKAWA et al. 28S genes adjacent to the spacer regions. The annealing location of the primers differed slightly from that of Iwahori et al. (1998) . PCR amplification was carried out using a thermocycler (GeneAmp ® PCR system 2400, Perkin Elmer Co.) and reaction conditions consisted of 35 cycles with denaturation at 94°C for 1 min, annealing at 53°C for 1 min, and polymerization at 72°C for 2 min with a final extension at 72°C for 5 min. Ten microliters of PCR products, 0.2 ml of a restriction enzyme, HhaI (10 units/ml), and 1.1 ml of 10ϫreaction buffer were mixed well in the tube. The mixture was incubated at 37°C overnight to digest the amplified DNA. Restricted fragments were resolved by electrophoresis in a 3.5% agarose gel (Nusieve ® GTG ® agarose, BioWhittaker Molecular Applications, Inc.) in TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.0) for 60 min at 100 V. Then the gel was stained with ethidium bromide to visualize the RFLP pattern under UV light.
Interbreeding experiment. Single-pair reciprocal interbreeding was performed to examine the PCR-RFLP pattern of offspring between the two isolates. An agar disc (about 0.5 cm diameter) with B. cinerea, which had been cultured on potato dextrose agar (PDA) medium at 25°C for 2 weeks, was put on the PDA medium in a petri dish (3 cm diameter). Immediately after fungal inoculation, a male of isolate Ka-4 and a propagative juvenile of isolate OKD-1 were picked up with a fine-tipped wire from each nematode suspension and transferred to the surface of the fungal agar disc. An adult female was not used in the experiment because it was difficult to discriminate between mated and non-mated females. Therefore, mating could occur only when a juvenile developed into a female. The lid was put on the petri dish, which was then placed in an incubator at 25°C. An opposite mating combination (a male of isolate OKD-1ϫa propagative juvenile of isolate Ka-4) was also made. There were 10 repetitions for each combination. Twenty-five days after the B. cinerea disc and nematode inoculations, the nematodes were extracted from the agar medium by the Baearmann funnel technique. After nematode extraction, 24 propagative juveniles of the third-or fourth-stage were selected at random for individual PCR-RFLP analyses. The offspring used in each analysis may be 2-6 generations because the generation time of nematodes was 4-5 days (Mamiya, 1975) and the average adult life span was 15 days (Mamiya and Furukawa, 1977) on B. cinerea at 25°C.
Following the single-pair experiment, interbreeding between two populations of isolate Ka-4 and OKD-1 was attempted. Nematode suspensions of the two isolates were separately adjusted to a concentration of 5,000 nematodes/ml of distilled water. Twenty microliters of each nematode suspension was pipetted into a 10-day-old culture of B. cinerea grown on PDA in a petri dish (9 cm diameter) to inoculate 100 nematodes per dish, which was then placed in an incubator at 25°C. Interbreeding was attempted 3 times. Twenty-five days later, the nematodes in the petri dish were extracted by the Baermann funnel technique. For individual DNA analysis, 23 propagative juveniles of the third-or fourth-stage were selected at random.
RESULTS
The total length of PCR amplified region was about 940 bp irrespective of isolate used. The restriction digestion pattern with HhaI of the PCR product amplified with the primer pair of Bx18S-Bx28S enabled discrimination of 5 virulent isolates from 2 avirulent isolates (Fig. 1) . There was no difference in the restricted fragment pattern among the 5 virulent or 2 avirulent isolates.
In the experiment of single-pair reciprocal interbreeding, nematode reproduction was observed in 2 petri dishes for each combination. The low probability of successful interbreeding may be ascribed to the development from a juvenile into a male instead of a female or death of nematodes after inoculation into the petri dishes. Three digested fragment patterns, namely the same patterns as the virulent isolate, the avirulent isolate and the pattern containing both fragments of virulent and avirulent isolates (hybrid pattern) were obtained with DNA from offspring produced by interbreeding between a Ka-4 male and an OKD-1 female (Fig. 2) . This hybrid pattern has never been detected from a population of isolate Ka-4 or OKD-1. Individual offspring extracted from 4 petri dishes showed 1 of the 3 fragment patterns without exception. Frequencies of virulent, avirulent and hybrid patterns of offspring between a Ka-4 male and an OKD-1 female were 10 : 10 : 28, respectively. In an opposite mating combination, those were 12 : 6 : 30.
Digested DNA fragment patterns of individuals obtained from the petri dish that had been inoculated with nematode suspensions of isolate Ka-4 and OKD-1 gave the same 3 fragment patterns of DNA as the offspring from single-pair interbreeding. The results were universal in the 3 repetitions attempted. The observed ratios of virulent, avirulent and hybrid patterns of individuals from 3 petri dishes were 6 : 5 : 12, 5 : 8 : 10 and 5 : 5 : 13, respectively. These ratios were statistically fitted to 1 : 1 : 2 ratio (c 2 ϭ0. 130, dfϭ2, pϭ0.937; c 2 ϭ1.174, dfϭ2, pϭ0.556; c 2 ϭ0.391, dfϭ2, pϭ0.822, respectively) .
DISCUSSION
The present study shows that the digestion of rDNA containing the ITS regions of B. xylophilus with a restriction enzyme, HhaI, enables discrimination between 5 virulent and 2 avirulent isolates. This finding agrees with Iwahori et al. (1998) .
The occurrence of mating between virulent and avirulent isolates has been reported with a singlepair (Kiyohara and Bolla, 1990) . But no study has yet demonstrated the occurrence of interbreeding between two populations of virulent and avirulent isolates. In the present study, the offspring produced by a single-pair reciprocal interbreeding between a virulent and an avirulent isolate showed 3 patterns of PCR-RFLP, the same pattern as the virulent isolate, the avirulent isolate and the hybrid pattern containing both fragments of virulent and avirulent isolates (Fig. 2) . In the experiment of interbreeding between the two populations of virulent and avirulent isolates, the individuals after propagation also showed the same 3 patterns of PCR-RFLP as the offspring produced by a singlepair interbreeding. In addition, the observed ratios of virulent, avirulent and hybrid patterns of nematodes in petri dishes were approximately 1 : 1 : 2 in 3. This result suggests that the adults of virulent and avirulent isolates interbreed at random without preference for their own population on B. cinerea. The occurrence of interbreeding between virulent and avirulent populations was demonstrated by detection of the hybrid nematode pattern. Kiyohara and Bolla (1990) mentioned that the virulence did not vary significantly among the isolates obtained from a single tree. Assuming that more than one population of different virulence was transmitted to a single pine by the vector insects, we can consider the following plausible reasons for no difference in virulence within a single tree; i) genetic interchange among the populations transmitted, ii) overwhelming propagation of the population transmitted earlier, iii) overwhelming propagation of virulent or avirulent population irrespective of the time transmitted. The present study showed that the virulent population interbred well with the avirulent one on the B. cinerea mat. The fact suggests that the virulent and avirulent populations interbreed with each other in a pine tree if they can propagate there as great as on the fungal mat. This PCR-RFLP technique provides a simple method for investigating the population structures of different virulence nematodes within a single tree when the virulent and avirulent isolates used in this study are artificially inoculated into a single tree.
